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R149DispatchesAsymmetric Segregation: The Shape of Things to Come?Yeast mother cells pay a sacrifice during budding: they keep the
extrachromosomal rDNA circles (ERCs) so that their buds have a full lifespan
ahead. Two new studies indicate that retention of ERCs in mother cells occurs
not by tethering to the nuclear periphery but rather by the simple rules of
diffusion in a time-limited and complex landscape.Brian K. Kennedy*
and Mark A. McCormick
Although many genes have been
identified that modulate the aging
process, uncovering the molecular
causes of aging has proven a bigger
challenge. Is aging driven by
accumulation of damaged molecules,
loss of homeostasis, attrition of
survival factors, or some other
cause(s)? Bucking this trend, two
molecular pathways driving aging
have been identified for yeast: one
each for chronological and replicative
aging [1,2].
Replicative aging is defined as the
number of daughter cells that one
mother produces and is defined in
generations. Saccharomyces
cerevisiae cells divide by budding,
with a mother cell giving rise to
a smaller daughter. One mechanism
limiting the division potential of
aging mother cells is the accumulation
of extrachromosomal rDNA circles
(ERCs) [3]. While other mechanisms
exist in yeast, attempts to
understand the dynamics of
ERC accumulation in yeast have
proven informative with regard
to how unwanted molecules
contribute to aging, at least from
a paradigmatic perspective.
ERCs are formed by homologous
recombination within rDNA repeats,
which exist in 100–200 copies in
tandem on chromosome XII. The
simplest of these events leads to an
episome containing a 9 kb circular
sequence consisting of an autonomous
replicating sequence but no
centromeric element. Unlike
chromosomes, ERCs do not have
centromeric sequences that dictate
equal segregation for replicated
plasmids. Instead, there is a greater
than tenfold segregation bias, with
episomes nearly always retained
in mother cells. As a result, theyaccumulate in mother cells, promoting
mortality, and are largely prevented
from entering daughter cells, which
thus maintain their full lifespan
potential.
But why do ERCs stay in mother
cells? In 2008, Shcheprova et al. [4]
proposed a mechanism whereby
mother cells retain ERCs through
association with nuclear pores, which
were themselves proposed to be
retained in the mother cell through
a septin-dependent lateral diffusion
barrier (Figure 1A; see comment in [5]).
This finding was not limited to the
pore, since other nuclear envelope
associated proteins were also retained
in mothers. To test the role of a bud
neck dependent diffusion barrier,
mother cell retention of a nuclear
envelope protein was tested in several
mutants required for barrier formation,
including temperature-sensitive alleles
of septins and deletion of the bud neck
protein BUD6. Retention was
diminished or lost in these cases,
emphasizing the importance of the
septin ring. Molecules free to distribute
in the nucleoplasm were not
asymmetrically retained. ERCs,
however, were found to associate
with nuclear pores, in theory
explaining their asymmetry. This
was an elegant model that seemingly
explained the phenomenon.
Shcheprova et al. [4] went on to test
the consequences of interfering with
asymmetric ERC segregation for yeast
replicative lifespan. By keeping ERCs,
yeast mother cells are thought to make
the ultimate sacrifice for the daughters,
retaining a determining factor in aging
while their daughters are born young.
With regard to replicative aging, the
consequences of loss of asymmetry
are hard to predict, since daughters
would be more likely to inherit ERCs,
but subsequently have a mechanism to
reduce their accumulation when they
become mothers themselves. Resultsindicated that daughters derived from
young mothers of bud6D cells were
longer-lived than their wild-type
counterparts, whereas daughters from
middle-aged mothers were not.
Interpreting these findings, the authors
proposed that daughters from young
mothers were not impaired by reduced
ERC retention in mothers since the
mothers did not have significant levels
themselves, but daughters from
middle-aged mothers were effectively
born old since they inherited ERCs.
The implication from the tethering
model is that the nuclear envelope
generated in the bud nucleus should be
composed of newly synthesized pores
(since old ones are prohibited from
diffusion into the daughter). New pore
assembly might be expected to occur
in anaphase, concomitant with nuclear
entry into the daughter. Yet, a much
earlier study indicated that newly
assembled pores appear throughout
the yeast cell cycle [6]. Further
observations of non-random nuclear
pore distribution during early mitosis
led the authors to speculate that
spindle pole association may promote
nuclear pore distribution between
mother and daughter. These apparent
discrepancies led Khmelinskii and
colleagues [7] to revisit the
photobleaching experiments first
performed by Shcheprova et al. [4]. The
key experiment, performed by both
groups, involved the technique of
fluorescence loss in photobleaching
(FLIP), in which a region of the cell
tagged with a GFP-labeled protein of
interest is repeatedly photobleached
and loss of fluorescence in the
non-photobleached area is used as
a proxy for mobility of the marker.
In this case, a region of the mother
cell nuclear envelope was bleached.
Results from both groups are in
agreement that loss of fluorescence
predominantly occurs in the remaining
mother envelope, with fluorescence in
the daughter region remaining constant
[4,7]; however, the results are
interpreted differently. Instead of
concluding that pores are unable to
migrate between mother and daughter,
Khmelinskii et al. [7] included an
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Figure 1. Two models for retention of extrachromosomal rDNA circles (ERCs) in yeast mother
cells.
(A) Previous work had suggested that nuclear pore complexes were retained in the mother
nucleus membrane during mitosis, and that tethering of ERCs to these nuclear pores was
responsible for their preferential retention in the mother nucleus. (B) More recent findings
suggest that nuclear pore complexes are not blocked from moving into the daughter nucleus
membrane and that the simple geometry of the bud neck, along with the brevity of mitosis,
restricts diffusion of plasmids enough to preferentially retain ERCs in the mother nucleus.
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pores, which occurs at high rates in
daughter regions of the nucleus during
mitosis. Their conclusion was that the
daughter cell signal remains constant
during the FLIP experiment because
the lost fluorescent signal is
compensated for by synthesis of new
pores, an interpretation consistent with
movement of pores between mothers
and daughters. Further experiments
using a pore component fused to
a photoconvertible fluorescent tag
confirmed this assertion.
The hypothesis that ERCs are
retained in mother cells throughtethering to nuclear pores is hard to
explain if pores migrate between the
nuclei of mothers and daughters,
although it remains possible that there
is a subset of pores retained in mother
cells to which ERCs are attached. Two
new studies published in a recent issue
of Current Biology [8,9] further call into
question the tethering hypothesis and,
importantly, present a new model to
explain asymmetric distribution of
ERCs to mothers (Figure 1B). Both
studies take advantage of a method to
tether ARS plasmids to nuclear pores
directly, which, surprisingly, results in
better segregation of the plasmids intodaughters. So how are ARS plasmids
retained in mothers after all, and why
does tethering them to pores assist in
transport to daughters?
Sometimes the simplest
explanations are the best. After
showing that ARS plasmids diffuse
freely in the nucleus, Gehlen et al. [9]
decided to test the hypothesis that the
shape of the nucleus as it partitions
between mother and daughter cells
might be sufficient to explain plasmid
retention. As the daughter nucleus
forms progressively from that of the
mother, the two nuclei remain
connected by a thin tunnel that is
ultimately closed during septation.
The plasmids fit through the tunnel,
and given sufficient time for equilibrium
to be reached, their distribution
between mothers and daughters
would depend solely on the relative
nuclear volume in each compartment.
But sufficient time may not exist.
After making careful measurements,
Gehlen et al. turned to complex
mathematical modeling paradigms
taking into account the short time
period during which yeast finish
mitosis to generate a passive
diffusion-based model sufficient to
predict mother–daughter asymmetry.
Importantly, they tested the model,
showing that delaying mitosis
improves plasmid segregation to
daughters. The passive diffusion
model also explains why nuclear pore
tethering reduces segregation bias
since attachment to pores restricts
plasmids to the nuclear periphery,
which by the model generated predicts
better segregation through the small
window and into daughters.
One loose end: why should bud6D
disrupt asymmetry and extend lifespan
[4]? The first question can be explained
by the fact that cells lackingBUD6 have
delayed passage through mitosis [10].
The second could still be because
ERCs are shed from mother cells to
daughters at a higher rate. Predicting
how loss of ERC asymmetry might
affect replicative lifespan is
complicated, however, since the
influence of ERCs on the lifespan of
a cell will be determined both by the
number of ERCs daughters inherit and
the number they accumulate over time.
Loss of asymmetry presumably
extends lifespan because most
daughters are born to young mothers,
a time in which mothers have few if any
ERCs to contribute to their offspring.
This is consistent with the findings of
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bud6D daughters born to older
mothers had a shorter lifespan. It would
also imply that asymmetric inheritance
does not exist for mothers to retain
accumulated damage as a means of
making their daughters young, since
the daughters are better off (at least
with regard to lifespan) without it.
Instead, it may be that retention of
damaged molecules into the mother
cells benefits the longterm fitness of
the colony.
Together, the findings of Gehlen et al.
[9] and Khmelinskii et al. [8] put forth
a new model for asymmetric
inheritance of ERCs that is both elegant
and simple. What are the broader
contexts of these findings? To our
mind, there is good news and
(potentially) bad news. The good news
is that the simple diffusionmodels need
not apply solely to plasmids without
centromeric elements. Thomas
Nystrom and colleagues have shown in
an elegant series of studies that mother
cells preferentially retain a range of
damaged cellular molecules, including
oxidized and aggregated proteins
[11,12]. Geometry could also play a role
in the restriction of these and other
molecules to mothers, whether they be
nuclear or cytoplasmic components.
It should be noted that recent studies
have proposed active mechanisms as
well for the maintenance of damaged
proteins in mothers [13]. Nevertheless,
the influence of geometry should be
considered.The potential bad news is that yeast
are different frommammalian cells in at
least two important contexts. The first
is that yeast divide by budding. The
second is that they have a ‘closed’
mitosis; that is, the nuclear envelope
does not breakdown as it does in
mammals . It is unclear whether models
based on geometry will be sufficient to
explain the asymmetric segregation of
molecules in mammals without these
peculiarities. As Gehlen et al. [9] point
out, however, a default system for
retention of cellular components is
something worth considering,
whether it might apply to asymmetric
accumulation of damaged components
or factors important for the differential
behavior of the two cells that arise
from a common division, as in the case
of stem cells dividing to produce
another stem cell and a cell
committed to a differentiated lineage.
Passive diffusion as a controlling factor
may indeed be the shape of things to
come.References
1. Kaeberlein, M. (2010). Lessons on longevity
from budding yeast. Nature 464, 513–519.
2. Steinkraus, K.A., Kaeberlein, M., and
Kennedy, B.K. (2008). Replicative aging in
yeast: the means to the end. Annu. Rev. Cell
Dev. Biol. 24, 29–54.
3. Sinclair, D.A., and Guarente, L. (1997).
Extrachromosomal rDNA circles — a cause of
aging in yeast. Cell 91, 1033–1042.
4. Shcheprova, Z., Baldi, S., Frei, S.B., Gonnet, G.,
and Barral, Y. (2008). A mechanism for
asymmetric segregation of age during yeast
budding. Nature 454, 728–734.
5. Kaeberlein, M. (2008). Cell biology: A molecular
age barrier. Nature 454, 709–710.6. Winey, M., Yarar, D., Giddings, T.H., Jr., and
Mastronarde, D.N. (1997). Nuclear pore
complex number and distribution throughout
the Saccharomyces cerevisiae cell cycle by
three-dimensional reconstruction from electron
micrographs of nuclear envelopes. Mol. Biol.
Cell 8, 2119–2132.
7. Khmelinskii, A., Keller, P.J., Lorenz, H.,
Schiebel, E., and Knop, M. (2010). Segregation
of yeast nuclear pores. Nature 466, E1.
8. Khmelinskii, A., Meurer, M., Knop, M., and
Schiebel, E. (2011). Artificial tethering to
nuclear pores promotes partitioning of
extrachromosomal DNA during yeast
asymmetric cell division. Curr. Biol. 21,
R17–R18.
9. Gehlen, L.R., Nagai, S., Shimada, K., Taddei, A.,
Meister, P., and Gasser, S.M. (2011). Nuclear
geometry and rapid mitosis ensure asymmetric
episome segregation in yeast. Curr. Biol. 21,
25–33.
10. Amberg, D.C., Zahner, J.E., Mulholland, J.W.,
Pringle, J.R., and Botstein, D. (1997).
Aip3p/Bud6p, a yeast actin-interacting protein
that is involved in morphogenesis and the
selection of bipolar budding sites. Mol. Biol.
Cell 8, 729–753.
11. Erjavec, N., Larsson, L., Grantham, J., and
Nystrom, T. (2007). Accelerated aging and
failure to segregate damaged proteins in
Sir2 mutants can be suppressed by
overproducing the protein aggregation-
remodeling factor Hsp104p. Genes Dev. 21,
2410–2421.
12. Erjavec, N., and Nystrom, T. (2007).
Sir2p-dependent protein segregation gives rise
to a superior reactive oxygen species
management in the progeny of Saccharomyces
cerevisiae. Proc. Natl. Acad. Sci. USA 104,
10877–10881.
13. Liu, B., Larsson, L., Caballero, A., Hao, X.,
Oling, D., Grantham, J., and Nystrom, T. (2010).
The polarisome is required for segregation and
retrograde transport of protein aggregates. Cell
140, 257–267.Buck Institute for Research on Aging,
Novato, CA 94945, USA.
*E-mail: bkennedy@buckinstitute.orgDOI: 10.1016/j.cub.2011.01.018Animal Evolution: A Soap Opera
of Unremarkable WormsRecent phylogenies have suggested that acoelomorph flatworms might
provide insights into the nature of the ancestor of bilaterian animals. However,
according to new data acoelomorphs might instead be degenerate
deuterostomes closely related to Xenoturbella, muddying the waters of early
animal evolution.Christopher J. Lowe*
and Ariel M. Pani
The past few decades of phylogenetic
research have resulted in a major
reorganisation in the relationships
between animal phyla, but by now
phylogenetic trees based on molecular
studies are quite congruent for many ofthe major phyla. As increasing amounts
of sequence data can be generated
ever more cheaply, many of the more
obscure phyla, whose placement in
the tree of life has puzzled biologists for
decades and often led to heated
debates, are now being sequenced
for inclusion in large phylogenomic
datasets. However, many of thesephyla turn out to be just as problematic
for molecular phylogeneticists as they
were for morphologists [1]. As a result,
these obscure phyla have been placed
at various changing positions in the
tree. Some of these groups, such as the
chaetognaths (also called ‘arrow
worms’), are pelagic with quite
complex body plans, whereas others,
like gastrotrichs, are small, ciliated,
simple animals that glide between
particles in the substrate. A recent
paper [2] now has proposed a radical
new grouping of two of these
problematic taxa: Xenoturbella and
acoel flatworms. Why all the attention
for such simple creatures? Part of the
answer lies in the possibility that they
may represent an early branch off the
lineage leading to the bilaterians [3–5].
